Gas barrier silica coatings were prepared from perhydropolysilazane (PHPS) by vacuum ultraviolet (VUV) irradiation under several irradiation conditions to investigate the relationship between their water vapor transmission rate (WVTR) and the irradiation conditions. PET substrates were coated with PHPS using its xylene solution, and the coatings were irradiated with VUV light (172 nm). The oxygen concentrations and irradiation distances were varied. The sample irradiated under conditions of lower oxygen concentration (less than 5%) and shorter irradiation distance (2.6 mm) showed the lowest WVTR (0.721 g m 2 d
Introduction
Barrier coatings for water vapor and oxygen have been of great interest in material science because of their various applications, including sealing materials for electronic devices such as LEDs and packaging materials for foods and medicines. Among these applications, food packaging applications need excellent barrier properties with respect to water vapor. 1) 3) Coating of food packaging materials with metals such as aluminum is usually conducted by the vapor deposition methods to improve their barrier properties. Though aluminum-coated packaging generally exhibits excellent gas barrier properties, it is not microwave friendly and lacks transparency.
Recently, silicon oxide coatings have been adopted to solve these issues. 4) 9) The solgel process is widely employed for preparation of silica coatings by using tetraalkoxysilanes such as tetraethoxysilane (TEOS) as precursors, and silica coatings are formed by hydrolysis and polycondensation reactions. 10) To obtain dense silica coatings, however, heat treatment at several hundred degrees are required for solgel-derived coatings. It is therefore impossible to prepare dense silica coatings applicable to packaging materials by the solgel process. Perhydropolysilazane [PHPS; idealized formula (SiH 2 NH) n ] is an inorganic polymeric material possessing SiN, SiH and NH bonds, which has been employed as a precursor of silicon nitride (Si 3 N 4 ). 11)13) The ideal structure of PHPS is shown in Fig. 1 . PHPS has also been utilized as a precursor for silica. 14) Kamiya et al. reported they heated PHPS coatings in an air atmosphere at 400500°C to form dense silica coatings. 15) Kozuka and co-workers, on the other hand, converted PHPS coatings into silica coatings by exposure to vapor from an aqueous ammonia solution at room temperature. 16) 19) Recently, irradiation of vacuum ultraviolet (VUV) light has been utilized for PHPS-to-silica convertion. 20 
Naganuma et al. 20) converted PHPS coatings to silica coatings using 172-nm light under various conditions (in terms of O 2 concentration and irradiation distance). They reported that oxidative reactions with O( Here, we report the preparation of PHPS-derived silica coatings on PET substrates by VUV irradiation under different conditions and their gas barrier properties with respect to water vapor.
Experimental procedure

Preparation of silica coatings by VUV irradiation
A xylene solution of PHPS (NL110, 20 mass %, AZ Electronic Materials) was used as a precursor. PET substrates were coated with the PHPS solution by bar coating. The coatings were dried in an oven at 60°C in an ambient atmosphere. Then the sample was irradiated with 172-nm VUV light for 60 s. Figure 2 demonstrates the experimental set-up for the irradiation. The VUV light was irradiated through the quartz glass window. The oxygen concentration was controlled by changing the N 2 flow rate during irradiation and was measured with a Yokogawa OX100 limiting-current-type oxygen analyzer. The irradiation conditions were varied for each sample: the oxygen concentration was 19% or less than 5%, while the irradiation distance was 13.4 mm or 2.6 mm. Thus, 4 kinds of samples were prepared by combining these conditions ( Table 1) . Each sample was aged for 3 h in the oven at 80°C in an ambient atmosphere. Thickness of the films was in the range from ³700 nm to ³1¯m.
Measurement
The infrared (IR) spectra were measured by the attenuated total reflection (ATR) method in the range of 4000650 cm ¹1 (Spectrum one, PerkinElmer Japan). Depth profiles of the compositions of the samples were produced by X-ray photoelectron spectroscopy (XPS; JPS-9010TR, JEOL). Mg K ¡ radiation was used as an X-ray source. The water vapor transmission rate (WVTR) was measured by the equal pressure method (PERMATRAN-W, MOCON, at 40°C, 90% humidity). Figure 3 shows the FT-IR spectra of the VUV-irradiated coating before and after aging. In the spectra of the coating before aging, PHPS-related absorption bands assignable to NH stretching vibration (ca. 3380 cm
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) and SiH stretching vibration (ca. 2200 cm ¹1 ) are present. 23) In addition, a silica-related ) band, appears. The relative intensity of the band at 1410 cm ¹1 assignable to PET increases especially in the spectra of sample 3 and sample 4. The changes were presumed to be caused by VUV irradiation, but the details were not clarified. In the spectra of the coatings after aging, the intensities of these PHPSrelated absorption bonds are weakened but still present. These results indicate that the PHPS to silica conversion via VUV irradiation did not reach completion. The remaining PHPS was converted to silica by the aging process, though a small amount of PHPS still appeared to remain. Figure 4 shows XPS depth profiles of samples 1 and 4. The XPS results indicate that the N concentration is larger in the interior of the coatings. The rapid increases in the C concentration at 360 and 480 s probably indicate that sputtering reached the PET substrate.
WVTR properties
The WVTR results for all the coatings (after aging) are listed in Table 1 
where C O2 , d and I/I 0 are the oxygen concentration of the atmosphere (%), irradiation distance (mm) and VUV light transmittance, respectively. 20) The absorption coefficient of O 2 for 172-nm VUV light, ¾ is 15 cm
¹1
. Equation (4) clearly demonstrates that transmittance of VUV light increases as C O2 and d become smaller.
The transmittance of 172-nm light for each sample is calculated from Eq. (4) and shown in Table 2 .
Transmittance of 172-nm light in the atmosphere employed for sample 1 is calculated to be 0.8, which is higher than that of any other samples. The transmittance of 172-nm light in the atmosphere for sample 4, on the other hand, is calculated to be 0.022 which is the lowest, indicating that irradiated 172-nm light scarcely reaches the surface of the sample. And for sample 2 and sample 3, whose WVTR values are intermediate, the estimated transmittance of 172-nm light is around 0.5. These results show a tendency for WVTR values to decrease as the transmittance of 172-nm light became higher.
PHPS-to-silica conversion could be achieved via 2 different processes. One process involves the dissociation of bonds, which is directly caused by VUV irradiation, while the other process involves oxidative reactions involving O( 1 D) and O 3 . Naganuma et al. 20) reported that oxidation reactions were dominant as compared with dissociation of bonds by VUV irradiation. Prager et al. 21) reported, on the other hand, that dissociation of bonds was much faster than oxidation reactions, and they thus concluded that dissociation of bonds was preferable. They suggested that SiN bonds were directly cleaved by VUV light.
The present results suggest that VUV light should effectively reach the coatings for the formation of silica coatings exhibiting low WVTR values, and they also strongly suggest that the contribution of oxidation reactions involving O( 1 D) and O 3 is limited. It is therefore assumed that SiN bond cleavage, which is caused directly by VUV irradiation, plays a key role in conversion into excellent gas barrier silica coatings.
The relationship between coating structure and the permeability of water vapor has been discussed for silicon oxide coating prepared by plasma-enhanced chemical vapor deposition. It was proposed that permeation of water vapor could be possible through macro-size defects, molecular-size defects, and amorphous network. 5) Thus it is important to decrease the number of macro-size and molecular-size defects to improve gas barrier properties. It was reported that the silica coatings prepared from PHPS via hydrolysis by water vapor possessed relatively small numbers of SiOH groups. 17) Since the present process essentially involves no water, the number of SiOH groups is expected be very small and the siloxane network should fully develop to generate dense silica coating. In addition, if we assume the ideal formula of PHPS, (SiH 2 NH) n , the conversion of PHPH to pure silica ideally results in the increase in mass by 33%. Thus, volume increase instead of volume shrinkage could be expected upon the conversion. 21) These considerations suggest that the conversion of PHPS into silica coating via VUV irradiation is advantageous for reducing the number of both macro-size and molecular-size defects.
Conclusions
Silica coatings were fabricated by VUV irradiation onto PHPS films under various conditions. It is shown that the silica coating prepared with a lower oxygen concentration and a shorter irradiation distance shows the lowest WVTR value, indicating that direct dissociation of bonds by the VUV light should play a key role in the formation of dense silica coatings exhibiting high gas barrier properties with respect to water vapor.
